ABSTRACT. Redistribution of regional blood flow is an important compensatory response to acute hypoxemia which preserves oxygen delivery to the most vital organs. It is not known if this change in blood flow persists when hypoxemia is prolonged, as occurs in cyanotic congenital heart disease. Chronic hypoxemia was produced in newborn lambs by creating pulmonary stenosis and an atrial septal defect. Oxygen saturation was maintained at 60-70% of control for 2 wk. Distribution of cardiac output was then measured with radionuclide-labeled microspheres. As compared with control, chronic hypoxemia did not alter total cardiac output. Regional blood flow was redistributed, however, the pattern of this redistribution 'was different from that seen during acute hypoxemia. Myocardial and cerebral blood flows, which increase during acute hypoxemia, return to control levels during chronic hypoxemia. Renal, splenic, gastrointestinal, carcass, and skin blood flows remain decreased. Hemoglobin gradually increases so that after 2 wk of hypoxemia total systemic oxygen delivery returns toward control. However, oxygen delivery to all organs except the heart and brain is reduced. Thus, although cardiac output and total systemic oxygen delivery return toward normal during chronic hypoxemia, these measurements may not reflect important regional variations in blood flow and oxygen delivery. Decreased oxygen and substrate delivery to the gastrointestinal tract, liver, and carcass may account for the alterations of metabolism and growth seen in the newborn with cyanotic congenital heart disease. (Pediatr Res 22: 389-393, 1987) When arterial oxygen content is acutely decreased, several compensations occur to maintain adequate tissue oxygen delivery. Two of these compensations are an increase in cardiac output and an increase in oxygen extraction in several vascular beds. However, because the increase in cardiac output may be insufficient to maintain normal systemic oxygen delivery, blood flow is redistributed to the most vital and most metabolically active organs (I, 2). During acute hypoxemia, blood flow increases to the myocardium and brain and decreases to the kidneys, gastrointestinal tract, and skin (3, 4). During chronic hypoxemia, such Received December 11, 1986; accepted May 5, 1987 
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as occurs in newborns with cyanotic congenital heart disease, additional compensatory mechanisms are invoked. These hemodynamic, hematologic, respiratory, hormonal, and neural adjustments either increase systemic oxygen delivery or reduce oxygen demands.
In a previous study of newborn lambs with experimentally produced cyanotic heart disease, we demonstrated that the major compensations to chronic hypoxemia are a decrease in growth and an increase in hemoglobin concentration (5) . The decrease in growth may reduce systemic oxygen utilization (3, 5) . The increase in hemoglobin increases the blood oxygen-carrying capacity and returns systemic oxygen content to normal. Systemic oxygen delivery can thus be maintained without a chronic increase in cardiac output (5) . It is not known, however, whether the redistribution of regional blood flow and oxygen delivery that occurs during acute hypoxemia persists during chronic hypoxemia. Therefore, the purpose of the present study was to determine whether regional blood flow and oxygen delivery are redistributed during chronic hypoxemia in the newborn lamb (5) .
MATERIALS AND METHODS
Preparation. We produced chronic hypoxemia in newborn lambs by creating pulmonary stenosis and an atrial septal defect, as previously described (5) . Briefly, surgery was performed on 13 newborn lambs of mixed western breed during the I st wk of life. Polyvinyl catheters were inserted via a hind leg pedal artery and vein and advanced into the descending aorta and inferior vena cava. Under general anesthesia a thoracotomy was performed in the fourth left intercostal space. Polyvinyl catheters were inserted into the ascending aorta, superior vena cava, right ventricle, pulmonary artery, and left atrium. A number 5 F Fogarty dilation cathether (American Edwards Laboratories, Irvine, CA) was inserted via the hind leg pedal vein and advanced into the left atrium. A balloon atrial septostomy was then performed. An inflatable silicone rubber balloon occluder with polyvinyl tubing was then placed around the main pulmonary artery. This balloon occluder was left deflated during the immediate postoperative period and in this state was nonrestrictive. All catheters were filled with heparin, plugged, and brought to the skin via a subcutaneous tunnel and were protected by a bag sewn to the lamb's flank. The lambs were returned to their ewes and remained with them throughout the study period. The intravascular catheters were flushed with saline and reheparinized daily for 5 days and then twice weekly during the 2-wk study period. Antibiotics (1 ml of Combiotic, Henry Schein Inc., Port Washington, NY) were given intramuscularly immediately before catheter flushing. Intramuscular iron dextran complex (equivalent to 100 mg of elemental iron) was given weekly to avoid the BERNSTE hemodynamic effects of iron deficiency (6, 7) . Seven additional lambs underwent thoracotomies at 4 to 25 days of age but did not have atrial septostomies or balloon occluder placement and served as controls.
Protocol. After the lambs recovered for 3 days, hypoxemia was produced by gradually inflating the pulmonary arterial occluder balloon with saline, which partially obstructed the right ventricular outflow tract and induced atrial right-to-left shunting. The details of this gradual inflation procedure have been described (5) . By adjusting the degree of balloon inflation, aortic oxygen saturation was decreased to 60 to 74% and was maintained at this level for 2 wk.
Eleven lambs were studied during 2 wk of chronic hypoxemia. The growth characteristics and hemodynamic responses of these lambs have been reported previously (5) . Five lambs died before regional blood flows could be measured. These lambs were not different from the survivors with respect to growth, cardiac output, or systemic arterial and mixed venous oxygen saturations or blood gases (5) .
The study protocol was performed after 2 wk of hypoxemia in the six remaining lambs, and at 4 wk of age in the seven control lambs. To avoid artifactual changes in gastrointestinal tract blood flow associated with recent oral intake (8), both hypoxemic and control lambs were studied at least 2 h after being separated from their mothers. The lambs were blindfolded and placed in a supporting sling under a radiant warmer to maintain environmental temperature between 24 and 27" C (9) . Aortic and central venous pressures were recorded on a Beckman direct writing recorder (Beckman Instruments, San Jose, CA) and aortic hemoglobin concentration and oxygen saturation were measured on a Radiometer OSM 2 hemoximeter (Radiometer, Copenhagen, Denmark). Fifteen micrometer diameter radionuclidelabeled microspheres were then injected into the left atrium while reference blood samples were withdrawn continuously and simultaneously from the ascending and descending aortic catheters into preweighed syringes for 1.5 min at a rate of 4 ml/min (10) . At the end of the study the lamb was sacrificed and dissected. In three lambs the skin was separated from the remainder of the carcass because measurements of total carcass blood flow may disguise independent changes in blood flow to the skin (3, 1 I). The heart was separated into atria, left and right ventricular free walls, and ventricular septum. The ventricular myocardium was also divided into subendocardial (inner) and subepicardial (outer) layers. Each organ, each organ part, the carcass, and the skin were weighed and incinerated. The radioactivity of each organ was then counted (10) .
Calculations. The percentage of total cardiac output to each organ was calculated by dividing radioactivity counts for that organ by total recovered counts. Aortic oxygen content was calculated as the product of the aortic hemoglobin concentration, hemoglobin oxygen saturation, and a hemoglobin oxygen binding capacity of 1.36 ml oxygenldl. Oxygen delivery to each organ was then calculated as the product of the microsphere-derived blood flow to that organ and the aortic oxygen content. Vascular resistance across each bed was calculated as the difference between aortic mean pressure and central venous pressure divided by the blood flow. Because of the wide variability in the siies of the lambs, organ weight was normalized by calculating organ weight as a percentage of total body weight. Left and right ventricular inner:outer blood flow ratios were calculated by dividing subendocardial blood flow by subepicardial blood flow. To determine if blood flow was redistributed between the two ventricles, right ventricular free wall blood flow as a percentage of total ventricular blood flow and right ventricular free wall weight as a percentage of total ventricular weight were calculated.
Analysis. Data were compared between the six hypoxemic and the seven control lambs using an unpaired t test. Results are expressed as mean f 1 SD. Statistical significance was considered to be achieved when p was < 0.05.
RESULTS
General. There was no significant difference between the hypoxemic and control groups in mean age at the time of study (Table 1) . Systemic arterial oxygen saturation was significantly lower in the hypoxemic lambs. Hemoglobin concentration in the hypoxemic lambs increased gradually after the onset of hypoxemia and was significantly greater than control after 2 wk of hypoxemia. Despite the decreased systemic arterial oxygen saturation, arterial oxygen content had returned to normal because of the compensatory rise in hemoglobin concentration.
Cardiac output and aortic mean blood pressure after 2 wk of hypoxemia were not different from control values. Total systemic oxygen transport, calculated as the product of cardiac output and systemic arterial oxygen content, was slightly lower than control. This was due to the product of small decreases in both total cardiac output and arterial oxygen content, which independently were not statistically different from control.
Heart. Heart weight as a percentage of total body weight was greater in the hypoxemic lambs than in the controls (Fig. 1A) . This increase was due to significant increases in the weights of all heart chambers ( Fig. 1 B) . However, the increase in right ventricular weight was significantly greater than the increase in left ventricular weight (108 versus 32%, p < 0.0005). During chronic hypoxemia, myocardial blood flow per 100 g of muscle was not different from control ( Fig. 2A) , however, the proportion of cardiac output to the myocardium doubled (10. Oxygen delivery to the myocardium per 100 g of muscle was maintained at control level (Fig. 2B) Brain. Brain weight was not different from control. Cerebral blood flow was slightly lower than the control value and cerebral oxygen delivery was decreased by 30%; however, these decreases failed to reach statistical significance ( p < 0.5 and < 0.1, respectively). There was also a wide degree of animal to animal variation in both the hypoxemic and control groups in measurements of cerebral blood flow (hypoxemic, range 35.3 to 118 ml/min/ 100 g; control, range 38.25 to 120.23 ml/min/100 g) and cerebral oxygen delivery (hypoxemic, range 3.32 to 9.89 ml/min/100 g; control, range 4.89 to 12.36 ml/min/100 g).
Other organs. Kidney, liver, and adrenal weights were greater than control values, whereas spleen and total carcass weights were not different from control. Gastrointestinal tract and skin weights were less than control. Except for blood flow to the adrenals, which was not different from control, blood flows to the kidneys, spleen, gastrointestinal tract, liver, carcass, and skin were decreased compared with control values. For some of these organs (kidneys and spleen) these decreases did not attain statistical significance ( p < 0.1) because of the wide variability in the data. Although hepatic arterial blood flow increased to four and one-half times control, total liver blood flow, which also includes gastrointestinal tract blood flow and splenic blood flow via the portal vein, was 43% less than control (1 13.4 + 24.6 versus 199.3 k 45.3 ml/min/100 g, p < 0.002). The decrease in blood flow to the carcass was accounted for by decreases in both skin and musculoskeletal blood flow, as shown by the three hypoxemic lambs in which the skin was analyzed separately.
Oxygen delivery to the adrenals was maintained at control level, whereas oxygen delivery to the kidneys, spleen, gastrointestinal tract, carcass, and skin fell significantly. Hepatic arterial oxygen delivery increased, but total liver oxygen delivery could not be calculated because portal venous oxygen saturation was not measured.
Total systemic vascular resistance was unchanged from control (0.56 + 0.22 versus 0.45 + 0.12 mm Hg/ml/min/kg). Myocardial vascular resistance was also unchanged from control, whereas vascular resistances of the spleen, carcass, and skin increased (Fig. 3) . Vascular resistances of the brain, adrenals, kidneys, and gastrointestinal tract increased to a lesser degree and were not statistically different from control values. Blood flow from the left heart to the lungs of the hypoxemic lambs was greater than in the control lambs (150.3 k 99.5 versus 33.2 k 13.9, p < 0.01). This increase may represent an actual increase in bronchial blood flow similar to that seen in some patients with cyanotic congenital heart disease, or may be an artifact because of atrial left-to-right shunting of microspheres. We injected the microspheres into the left atrium because of the occasional problems in obtaining an adequate mixing of microspheres, especially in the coronary circulation, when they are injected directly into the left ventricle.
DISCUSSION
This study demonstrates a redistribution of regional blood flow during chronic hypoxemia. Although the pattern of this redistribution is similar to that seen during acute hypoxemia, important differences exist in blood flow to the myocardium and brain. sociated with increases in myocardial and cerebral blood flow. This is consistent with the results of previous studies in adults (12) (13) (14) (15) . Myocardial oxygen delivery is maintained during chronic hypoxemia by an increase in hemoglobin concentration. Coronary arterial oxygen content returns to normal, removing the stimulus for a compensatory increase in myocardial blood flow. Although the proportion of total cardiac output to the myocardium was increased, this can be attributed to pronounced biventricular hypertrophy, caused by selective right ventricular pressure overload (16) . Because of the greater increase in work load on the right ventricle, it was proportionately more hypertrophic, and received a proportionately greater absolute blood flow. Despite this combination of hypertrophy and chronic hypoxemia, there was no evidence of subendocardial ischemia in either ventricle. Cerebral oxygen delivery was actually 30% less than control values, however, this difference was not statistically significant. It is possible that with a larger number of animals this decrease in oxygen delivery would have reached statistical significance, however, there was also a wide animal to animal variation in both hypoxemic and control groups. This variation in resting cerebral blood flow and oxygen delivery is similar to that reported previously (1 7, 18) and emphasizes the importance of measuring cerebral oxygen consumption when determining the adequacy of cerebral oxygen delivery. Although a prolonged decrease in cerebral oxygen delivery during early infancy could have serious consequences, previous studies during various acute manipulations of oxygen content (hypoxemia, anemia, and carboxyhemoglobinemia) have demonstrated that cerebral oxygen delivery is usually adequate to meet cerebral metabolic needs (19) . Because we did not measure cerebral oxygen consumption directly, it remains to be determined whether cerebral oxygen delivery during chronic hypoxemia is appropriate to meet cerebral oxygen demands. Additionally, because the brain constitutes only about I% of total body weight in the lamb versus approximately 13% in the human, it is not known if these results could be reliably extrapolated to the human newborn.
In contrast to the myocardium and brain, the decreases in blood flow to the gastrointestinal tract and carcass are similar during chronic hypoxemia as during acute hypoxemia. Persistence of this acute vasoconstrictive response during chronic hypoxemia can be explained by the mechanisms which control blood flow to these vascular beds. Vasoconstriction in the gastrointestinal tract and carcass is predominantly under central rather than local control, and the persistent decrease in systemic oxygen tension during chronic hypoxemia would maintain central chemoreceptor stimulation.
Hepatic arterial blood flow is the only regional blood flow to increase markedly with chronic hypoxemia. This increase is in compensation for the decrease in portal venous flow due to the diminished contributions of its splenic and gastrointestinal tract components (20) (21) (22) . Total liver blood flow decreases, however, as the increase in hepatic arterial blood flow is insufficient to totally compensate for the reduction in portal venous blood flow. Because we did not measure portal venous oxygen content, total hepatic oxygen delivery cannot be calculated. However, oxygen delivery to the liver may be near normal because of the higher oxygen content of the increased hepatic arterial blood flow (23, 24) . Delivery of other substrates, however, would not be similarly maintained.
It is possible that decreases in blood flow and oxygen and substrate delivery to the gastrointestinal tract, liver, and carcass are responsible for the decreased rate of growth previously described in chronically hypoxemic lambs (5) . Reduced oxygen delivery to the gastrointestinal tract has been shown to impair motility (25) and reduced peripheral blood flow has been implicated as a potential cause of growth failure in congenital heart disease (26) . Reduced blood flow may cause growth failure by suppression of energy utilization related to growth. Unlike the brain and heart, the gastrointestinal tract, liver, and kidney can REGIONAL FLOW IN CY ANOTIC HEART DISEASE 393 decrease oxygen consumption in response to decreased oxygen delivery (3, 25, 27, 28) . Because a large portion of the oxygen consumed by these tissues is directed towards growth, reducing oxygen consumption may dramatically impair growth (10, 29-3 1).
The newborn lamb may be able to reduce total body oxygen consumption by as much as 30% by reducing growth without interfering with vital metabolism (3). Although total body oxygen consumption was normal for weight in these chronically hypoxemic lambs, it was decreased when indexed to age (5) . It is also possible that there exists a balance between an increase in oxygen consumption in some vascular beds due to hyperventilation and tachycardia, and a decrease in other vascular beds due to the suppression of growth. In the present study, oxygen consumption of individual organs was not measured due to the difficulty in obtaining venous blood from multiple organ sites in a chronic model. Future s t u d i e s , using selective catheterization of the sagittal sinus, and portal, renal, and peripheral veins will be needed to determine the effects of this redistribution on organ oxygen utilization.
Our findings may have been influenced by the technique we have used to create hypoxemia and by the timing of our measurements. Right ventricular outflow tract obstruction and/or a related change in left ventricular conformation may have limited cardiac output (16) . Although there was no increase in right ventricular end-diastolic pressure, tricuspid insufficiency (5), or right ventricular ischemia (altered subendocardial:subepicardial flow ratio), the increase in liver weight suggests there may have been a component of right heart failure. Furthermore, we measured regional blood flows after 2 wk of hypoxemia, a time during which both hemoglobin concentration and growth rate were beginning to increase. If we had studied regional blood flows earlier, when growth was most disturbed, the decreases in gastrointestinal tract and carcass blood flows might have been even more marked. Finally, although severe polycythemia can cause a redistribution of regional blood flow (32, 33) , the modest increase in hemoglobin concentration encountered during the course of the present study would not have significantly altered viscosity (34) . Previous studies have shown that a change in hemoglobin concentration of this degree would not have altered regional blood flows (32, 33) .
In conclusion, after 2 wk of hypoxemia, produced by right ventricular outflow tract obstruction and an atrial right-to-left shunt, significant alterations in regional blood flow and oxygen delivery persist. Whereas decreases in blood flow to the gastrointestinal tract and carcass were similar to those seen during acute hypoxemia, increases in myocardial and cerebral blood flow did not occur. Thus, although cardiac output and total systemic oxygen delivery return toward normal, important regional variations in blood flow and oxygen delivery occur and may be easily overlooked. We speculate that such regional variations may account for the alterations of metabolism and growth seen in the newborn with cyanotic congenital heart disease.
